I. INTRODUCTION
Heavy ions are being used in a variety of basic and applied biomedical studies, including cell, tissue and organ radiobiology, cancer diagnosis (radiography), and therapy at the Lawrence Berkeley Laboratory.
In the majority of cases, the pure heavy-ion beams delivered by the Bevalac accelerator do not have the characteri st i cs of penetrat i on depth, cross-sect iona 1 width, or Bragg peak width that are desired for a specific application. Metal foils, rotating or fixed ridge filters, and/or variable depth absorbers are then interposed between the beam delivery port and the subject of irradiation, generating a substantial number of fragment nuclei in the beam. the catastrophic destr~ction of prOjectile and target nuclei. This is most inc i dent high energy argon part i c 1 e.
_1
The scale bar corresponds to 100 ~m This kind of event would be very rare in soft tissues. In water, events of the second type and those in which one nucleus fragments into one particle which is still heavy and a number of light fragments are the most common reactions, as our measurements show below.
-2-~. Although we obtain reliable informationr:outinely about the dose delivered to a subject under all the irradiation conditions encountered, there is no experimental detailed knowledge of which particles generate the delivered dose and the contribution by each type of fragment. Chatterjee et al. 2 have described the general characteristics of the complex beams that can be used for biomedical applications based on information obtained frof(1 cosmic-ray data.
Studies by Blakely et a1. 3 make use of calculated data for complex beams in order to understand the inactivation of human kidney cells in 'vitro by heavyion beams. These studies show that dose and LET alone are not sufficient descriptions of a beam for the purpose of understanding its biological effects.
It is, therefore, necessary to be able to separate the components of a beam and its fragments so that the possibly different biological ~ffectS of each component can be accounted for.
Because the process of nuclear fragmentat ion becomes cons iderab ly more complex as the atomic number of the ion increases, it is not possible to calculate theoretically all the involved parameters. Although simplified theoretical calculations have been reported 4 which explain the shapes of measured Bragg curves in an approximate manner, the need for measurements of particle fragmentation is evident.
The analysis of particle tracks in photographic emulsion is an accurate way to study fragmentation. Jain showed in 1959 5 how heavy ions from cosmic radiation and their fragments could be identified in terms of the results of their interaction with the emulsion material. The technique has since been refined considerably6,7 and that author is now carrying out the analysis of Bevalac heavy ion beams similar to the ones whose characterjstics will be 8 reported here.
Plastic detectors can also be used for the characterization of heavy ion beams in terms of LET and measurement of particle numbers vs. depth - During investigations of the possible use of solid-state detectors for heavy-ion radiography and tomographylS it became evident that detector configurations similar to the ones that were useful for those tasks were also applicable to beam quality analysis and could fulfill the requirements of speed indicated above. Fundamentally, a thin solid state detector (a few hundred micrometers of silicon), which can be considered to behave like a dense small -5-ionization chamber, measures the LET of traversing particles. A second thick detector (several centimeters of germanium) can then be used to measure the residual energy of particles. Knowledge of those two parameters can result in the identification of a particle's atomic charge. Although the process is not as precise as that of more complex detector arrangements, it appears possible to sacrifice some accuracy in favor of simplicity and ease of obtaining useful information. This paper will describe the detector and electronics configurat ion used for beam characteri zat ion experiments, di scuss the methods of data analysis, and show the results of measurements with Ne-20 and Si-28 ion beams.
A critical review of the data presented indicates both the advantages and disadvantages of the technique.
II. DETECTOR CHARACTERISTICS AND CONFIGURATION
Solid-state detectors exhibit three distinct characteristics which make them suitable for the purpose on hand: linearity, stability, and ease of calibration. The charge generated by ionizing radiation in the depletion region of a solid state detector is obtained from the expression Q = E(eV) x 1.6 x 10-19 (coul)/€ (eV) ( 1) where E is the energy depos ited in the dep 1 et i on reg i on, and € is the average ionization energy needed to create one electron-hole pair. ;ifiure 3 c ematTc description of the silicon-germanium detector system for beam characterization. A thin silicon dE/dx detector measures LET and is followed by a th ick germanium detector which measures res idua 1 energy. The two parameters can identify the atomic number of a particle in most cases. (3 ) where: z = the charge of the incident particle; NZ = the number of electrons per unit volume in the medium; e = the velocity of the incident particle in units of the velocity of light, c; 1 = the mean excitation potential of the medium; e = the electronic charge;
The Bethe formula is generally understood to be correct to within 2 or 3%.
This sets the limit of accuracy in our LET calibration procedure.
The energy deposited by a charged particle in a thin detector follows a probability distribution given by the well known Vavilov distribution. IS In addition, electronic noise in the detector system, a spread in particle -11-incidence angles, range straggling in absorbers, and the presence of fragments with the same atomic number Z as the primary particles (but with deficiency of one or more neutrons), can broaden the measured primary spectrum. In the measurements reported here, the electronic noise contribution is negligible and the other effects will dominate the width of the observed spectra. keV/~m of water, which is essentially the FWHM of the measured peak.
As the width of the water absorber is increased, the shape of the Vavi10v distribution for the primary LET peak should become more Gaussian-like than that of Figure 
w.e. '13.61 bl 60 80 Because of the large number of low LET particles near the Bragg peak, the low LET cutoff for Figure- amplifiers. An event is recorded whenever a particle arrives at the central reg i on of the dEl dx detector and is not preceded or fo 11 owed too c lose 1 y by another particle in the same region or in the guard region of the same detector, thus avoiding an erroneous result due to pile-up in the silicon and/or the german i urn detector channels.
The two regi ons of the s i 1 icon detector are also used together to count all the particles that deposit energy above a certain threshold. We call that function of the silicon detector the downstream counter (DC).
A calculation of the energy that a single fast proton would leave in the We have encountered substantial problems, however, in attempting to analyze our data by methods that are usually intended for particle identification after thin absorbers. In the interest of data analysis speed, we have also rejected particle-by-particle "analysis methods, and have -17-concentrated our effort in analysis methods that could work globally on a two-dimensional hystogram of all the data acquired.
The most valuable option we have found is based on a calculation of the loci of dE/dx vs. E for the different particles that can be found as a result of an experiment from first principles, from the detector calibration parameters, and the known thickness of the detectors. With very minor corrections to the calibration parameters, we invariably find that the detected particles cluster around the calculated loci. ---~-------:---~--:=~~~-~. curve.
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An estimate of the statistical errors in the measuremen.t of average LET has been done in a simplified manner by noting that the individual particle LET spectra at different points of the Bragg curve is roughly Gaussian, with the -23- 
VI. MEASUREMENT OF BEAM COMPOSITION
The determination of the numbers of particles of each individual atomic number existing in a complex beam has been approached in two steps:
(1) Finding the probability that a primary particle being delivered by the accelerator will arrive at the LET detector in any form (as an unfragmented primary, as a single secondary, or as a cluster of secondaries), and (2) finding an unbiased probability distribution that a detected particle will -25-consist of an ion of atomic number Z (which could be accompanied by lighter ions, as discussed above).
The first probability, which we call transmission, T, is obtained by The second probability is obtained from the dE/dx vs. E histograms. Since the data acquisition system requires the same amount of time to process an event, regardless of the magnitude of any parameters, the two-dimensional histogram is unbiased, i.e., the probability of an event being recognized by the computer system for digitization is independent of the magnitude of the parameters of the previous event or of itself. After a two-dimensional histogram has been acquired and the different components separated by the analysis process described above, a division by the total number of events recorded yields the desired probability distribution, p(Z).
The product T x p(Z) is then the probability P(Z) that a primary ion being between Hand U. They found that (j can be expressed as: The calculation of statistical errors in the particle numbers follows in a 27 straightforward manner from considerations relative to Monte Carlo methods.
A measured probability P{l) that a primary particle ends up with a particular value of Z will be correct to + E with 95% confidence when:
-28-.
• ,; a:
DEPTH IN WATER leml b) 20 25 (ir'Pe 9 a article flux P(Z) measured for the Ne-670 beam. It corresponds to the probabil ity that a primary deli vered upstream of any absorbers reaches the detector system with apart icular value of Z. A heavy fragment may be accompanied by some lighter particles that cannot be separated by the detector system. Note that at zero water depth, the beam has traversed a lead absorber, two or three ionization chambers, several metal windows and approximately 1. LET (KeY /JI) a) -32-.
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• . , . Figure l3b shows the corresponding distribution for Z=9. Note the sharp cutoff at the low energy end, coinciding with the low energy cutoff of the primaries. Figure l3c shows the distribution Z=8, with a shape that is characteri s it ic of intermedi ate val ues of Z; Figure l3d shows the distribution for Z=6. The sharp cutoff at the higher energy end is caused by the finite length of the germanium detector. Carbon particles generated far upstream do not stop in the detector. The missing part of the spectrum is actually folded up about the high energy cut off.
It is interesting to note that the lowest value of Z for which velocity can be calculated depends only on initial energy and depth of the water absorber. For 670 MeV /n, near the Bragg peak, Z=6 is the 1 imit, both for a Ne-20 and a Si-28 beam. Clearly as we lower the atomic number of the fragment, the first ion that will not stop fully in the residual energy detector will be an ion generated far upstream in the absorber, regardless of how many nucleons the primary ion had to loose in order to generate it.
IX. CONCLUSION
The development of the simple two-detector system described in this paper opens the possibility of measuring rapidly and with useful accuracy a number of beam parameters which are of importance to radiobiologists and therapists. The LET measurements, particle identification, dose calculations, and the determination of velocity distributions will be useful in studies of radiobiological efficiency and oxygen enhancement ratio of heavy ion beams, -36- -37-supplementing previous theoretical calculations, and assisting in improving them, and in the assessment of the validity of various models for cell inactivation and mutation. The measurement technique will also be useful in absolute and comparative measurements of beam quality with new beam delivery systems at the Bevatron intended to minimize effects of fragmentation and beam nonuniformity, and for establishing the consistency of beam characteristics in day-to-day radiation therapy. Measurements of fragmentation in different kinds of tissues can also be undertaken. The detector system still needs more development before it can be used routinely: It will be important to increase the dynamic range of the event discriminators so that fragments lighter than the ones observed at present can be measured. We should be testing new circuits for that purpose in the near future.
